We report on the phosphonic acid route for the grafting of functional molecules, optical switch (dithienylethene diphosphonic acid, DDA), on La 0.7 Sr 0.3 MnO 3 (LSMO). Compact self-assembled monolayers (SAMs) of DDA are formed on LSMO as studied by topographic atomic force microscopy (AFM), ellipsometry, water contact angle and X-ray photoemission spectroscopy (XPS). The conducting AFM measurements show that the electrical conductance of LSMO/ DDA is about 3 decades below that of the bare LSMO substrate. Moreover, the presence of the DDA SAM suppresses the known conductance switching of the LSMO substrate that is induced by mechanical and/or bias constraints during C-AFM measurements. A partial light-induced conductance switching between the open and closed forms of the DDA is observed for the LSMO/DDA/C-AFM tip molecular junctions (closed/open conductance ratio of about 8). We show that, in the case of long-time exposition to UV light, this feature can be masked by a non-reversible decrease (a factor of about 15) of the conductance of the LSMO electrode. Paris-Saclay, ANR-11-IDEX-0003-02. We thank C. van Dyck (U. of Alberta, Canada), V. Diez Cabanes and J. Cornil (LCNM, U. Mons, Belgium) for theoretical discussions on the electronic properties of diarylethene derivatives. We thank S. Godey and D. Deresmes (IEMN-CNRS) for advises and collaborations with the UHV C-AFM experiments, and J.L. Caudron (IEMN-CNRS) for XPS measurements.
Introduction.
In organic spintronics, La 0.7 Sr 0.3 MnO 3 (LSMO) is a widely used substrate since it is an air-stable ferromagnetic oxide with a high spin polarization. Several organic semiconductors and polymers have been deposited on LSMO and spinpolarized electron transfer was demonstrated (see a review in 1, and references therein). Recently, molecular tunnel junctions were successfully fabricated by the chemical grafting of alkylphosphonic derivatives self-assembled monolayers (SAM) on LSMO. [2] [3] [4] Tunnel magnetoresistance (TMR) from few tens to 10 4 % was reported, with a significant stability up to high voltages (few volts on nm-thick SAM). 5, 6 The alkyl chains that were used were simply insulating tunnel barriers. Now, functional molecules are required to move towards more elaborated molecular devices, 7, 8 e.g., redox molecules for memory, photochromes for electro-optical molecular devices. In this latter case, diarylethene (DAE) is acknowledged as an archetype of optically driven molecular switches, [9] [10] [11] [12] for which the closed form (DAE-c) is more electrically conducting than the open form (DAE-o). As such, for DAE molecular junctions on gold electrodes, conductance switching ratios from 3-4 up to about 100 between the closed and open forms were theoretically predicted, 13 and measured. 14 In parallel, as in many oxide materials of interest for memory and memristor applications, 15, 16 "memory" effects (electrical conductance switching upon bias stress) were also reported for LSMO films. [17] [18] [19] Thus, these features make possible to combine LSMO and DAE for the design and study of multifunctional optical-spintronic devices (i.e., responsive to several, electric, magnetic and optical stimuli).
Here, we report on the successful formation of SAMs of dithienylethene diphosphonic acid (DDA) on LSMO substrates. The physicochemical characterizations (ellipsometry, contact angle, X-ray photoelectron spectroscopy, atomic force microscopy) of the SAMs reveal the formation of compact, defectfree, stoichiometric SAMs of DDAs on LSMO. The electronic transport properties at the nanoscale were investigated by ambient and ultra-high vacuum (UHV) conducting atomic force microscopy (C-AFM) separating the contribution from ! 2 the LSMO electrodes and the DDA SAMs. In particular, we demonstrate that the presence of the SAMs suppresses the conductance switching of the LSMO substrates upon bias/force constraints during C-AFM measurements. We show the optically induced conductance switching of the DDA SAMs on LSMO between the open and closed forms with a moderate conductance ratio (about 8). Moreover, we observe that, under certain conditions (e.g., long time ultraviolet illumination), this DDA switching can be masked by a larger optical switching of LSMO substrate conductance (conductance ratio of about 15).
Device fabrication and characterization methods.
The LSMO thin film electrodes (20 nm thick) were fabricated by pulsed laser deposition on SrTiO 3 substrates (area ≈ 1 cm 2 ) according to a process already reported elsewhere. 3 Prior to the formation of the DDA SAM, the LSMO surface was ultrasonically cleaned 5 min in deionized (DI) water, followed by 5 min in ethanol and dried under a N 2 stream. The DDA (molecular structure in scheme 1) was synthesized following the method of Reisinger et al. 20 with slight modifications described in the supporting information. The DDA was designed to operate as a standard diarylethene derivative switch, only the end groups have been changed to phosphonic groups. The closing/opening of the diarylethene core enhance/disrupt the electronic conjugation across the molecule and modulating the conductance, with a higher conductance in the closed form. 10 This compound was successfully characterized by NMR spectroscopy as well as by mass spectrometry (see supporting information). Moreover, we checked by UV-vis spectroscopy that DDA molecules could switch reversibly in solution by irradiation at 365 nm and 470 nm ( Fig S1, supporting information). SAMs were prepared by immersing a LSMO substrate in a millimolar solution of DDA in ethanol for 24 h in the dark (see detail in the supporting information). 
Results and discussion.

Structure of the DDA SAM and DDA/LSMO interface.
The thicknesses of the SAMs measured by ellipsometry on several samples are between 1.7 and 2.0 (±0.2) nm. The water contact angles of the bare LSMO substrates are in the 27 to 37° (±2°) range, and they increase to 45 -68° (±2°) after the SAM deposition. Given the length of the DDA molecule (1.9 nm determined by geometry optimization, MOPAC software 21 with PM3 parametrization), these values are consistent with a DDA molecule grafted by a single phosphonic end and with an average tilt angle to the surface normal between 0 and 47°. The water contact angles measured on the DDA SAMs are in ! 4 agreement with SAMs exposing both a phosphonic and phenyl groups at their surfaces 22 (the technique is sensitive to chemical species down to few Å inside the SAM 23 ). These results indicate the formation of a compact SAM. Figure 1 Table S1 in the supporting information. After the DDA molecules grafting, a similar analysis of the XPS spectra ( Fig. S3 in the supporting information) gives a stoichiometry La 0.7 Sr 0.32 Mn 0.71 O 3-δ (here, δ cannot be determined due to the energy overlapping of O1s in the LSMO and in the DDA molecules) - Table S2 in the supporting information. Since the magnetic and electronic properties of ! 6 LSMO depend on the Mn oxidation states, we focused on a more detailed analysis of this element.
For the bare LSMO sample, the Mn2p 3/2 peak is decomposed into two peaks at 641.3 eV and 643 eV corresponding to the oxidation states Mn 3+ and Mn 4+ , and respectively 652.8 and 655 eV, for the Mn2P 1/2 peak. [25] [26] [27] The ratio of the peak amplitude Mn 3+ /Mn 4+ is 0.92. For the LSMO/DDA sample, we have a ratio Mn 3+ / Mn 4+ =1.22, thus the DDA grafting leads to a 32% increase of the Mn 3+ /Mn 4+ ratio. Such an increase was also previously observed for the grafting of alkylphosphonic acid molecules on LSMO, 3 but without hindering spin dependent injection and transport through the LSMO/alkylphosphonic/Co molecular junctions for which tunnel magnetoresistance was clearly measured. 5, 6 We clearly observed the P2s (190.6 eV), the S2p 3/2 (164 eV) and S2p 1/2 (165.3 eV) peaks of the DDA molecules ( Fig. S3 in the supporting information). We also note a strong increase of the C1s peak at 284.8 eV. From the calculated area below the peaks, we determine the C/S and P/S ratios of 15.9 and 1, respectively (theoretical values from the composition of the DDA molecule : 13.5 and 1) -see Table S2 in the supporting information. Thus, we conclude that the DDA molecules are present on the LSMO surface, the slightly higher C/S ratio being due to carbon contamination before or during the grafting process.
In summary, ellipsometry, AFM, water contact angle and XPS measurements show that we have formed compact SAMs of DDA molecules, with minor changes of the LSMO surface stoichiometry, preserving the possibility to study spin-polarized electron transport through these devices based on more complex or functional molecules than simple alkyl chains as previously reported. 2, 3, 5, 6 Electron transport properties at the nanoscale. Before testing the conductance switching behavior of the DDA molecules grafted on the LSMO substrates, we studied the conductance switching of the LSMO substrates. We used C-AFM in air and UHV (since oxygen is known to play a key role in this switching behavior) [17] [18] [19] and we recorded successive current images by enlarging the scanned area for each image (Fig. 3 ).
Figures 3a and 3b show the topographic images and the corresponding current
images (C-AFM in air) of two successive scanned zones for the LSMO sample (1st ! 9 zone inside the dashed lines). We clearly observe a decrease of the current (a factor 10) after the second scan at 0.1V ( fig. 1b ). We repeated a third time and again observed an additional decrease by a factor 10 (see Fig. S5 in the supporting information). The topography of the sample is not modified (Fig. 3a ).
These results are in agreement with previous reports. 17 We also repeated the same experiments on the same sample after the grafting of a DDA SAM to study how the DDA SAM can modify this LSMO switching effect. In that case, the conductance switching is suppressed (Figs. 3c and 3d).
Since oxygen and water can be involved in the LSMO conductance switching behavior, [17] [18] [19] the same experiments were conducted in UHV ( Fig. 4) . Basically, we observed the same effect. On LSMO, the switching ratio is weaker (about 4, fig. 4b , compared to 10). The presence of the SAM still suppresses the LSMO conductance switching (only a very weak ratio of about 1.4 can be distinguished, fig. 4d ). We note that a small swelling of the film (about 0.9 nm of the LSMO film ! 11 thickness, Fig. 4a ) is observed, which is similar to previously reported works (but this effect might be an artificial swelling due to changes in the electrostatic interactions between the C-AFM tip and the LSMO surface). 18, 28 This swelling is also strongly reduced in the presence of the SAM (about 0.5 nm, Fig. 4d ).
The conductance switching of LSMO was also observed without bias, i.e., only under the mechanical strain induced by the C-AFM tip. 28 The same effect is observed with our samples (see Fig. S6 supporting information).
We discuss several hypotheses to explain the suppression of the LSMO conductance switching in presence of the SAM. We first remind that the origin of this electromechanical conductance switching is ascribed mainly to oxygen vacancy migrations . 17-19, 29, 30 Under the application of a bias voltage, the resulting electric field at the tip/surface interface and in the film induces a modification of the oxygen vacancy concentration, which controls the electron conduction in the film under the C-AFM tip (higher the oxygen vacancy concentration, higher the conductance). In addition, the local compression by the C-AFM tip induces a local flexoelectric effect, modifying the oxygen and electron concentrations in the film. 30 This flexoelectric effect is also combined with a compositional Vegard strain originating from the difference of the electron and ion distribution due to the lattice dilatation (when the concentration of oxygen vacancy 31 is increased, the unit cell volume is also increased, modifying the local electronic properties of the material) as modeled in Ref. 29. It was observed that this conductance switching persists for a long time (hours) due to the slow relaxation process of oxygen vacancies. 30 Related to these mechanisms, we consider three cases. i) The presence of the SAM between the LSMO surface and the C-AFM tip reduces both the applied electric field -and the current passing -through the LSMO film. However, this reason may be discarded as the dominant mechanism since the conductivity switching was also observed at 0V. ii) The presence of the SAM reduces the effective mechanical strain on the LSMO film, a part of the C-AFM applied pressure being shielded by deformation of the soft SAM. iii) The grafting of the SAM can stabilize the LSMO surface chemistry, thus reducing the change in ! 12 stoichiometry previously reported [17] [18] [19] for these types of mechanical and bias constraints on LSMO films.
We note that other SAMs (e.g. made with alkyl chains or any other molecules) or other capping layers should, in principle, produce the same reduction (or suppression) of this electromechanical conducting switching, but scarce data are available in the literature, to the best of our knowledge. For example, in LSMO/ dodecylphosphonic acid SAM/Co magnetic tunnel junctions resistive switching has not been observed for applied bias voltages as large as 2 V. 5 In another report, with a protecting layer of iron oxide nanoparticles (but with a partial surface coverage of around 50%), the switching effect can be still observed, but requiring to apply a very large loading force (> 0.5 μN). Figure 5 shows the 2D current histograms before and after the 365 nm irradiation measured by C-AFM (ambient conditions). Before irradiation, we measured a current distribution with two peaks, P1 with log μ = -11.06 (8.7x10 -12 A) and P2 with log μ = -10.14 (7. All measurements by C-AFM (in air), loading force 30 nN. Note that the saturation of the current amplifier (plateau at log(current)=-9.5 in the 2D histograms) has been removed on the 1D histograms. The black lines are the fits with a log-normal distribution. The fit parameters, logmean current (log μ) and log-standard deviation (log σ) are given in the figures. Note that the relatively small number of I-V traces in these histograms (while around thousands were acquired, see details in the supporting information) is ! 15 due to the fact that a majority of the traces showed currents <2x10 -12 A, close to the sensitivity and noise level of our apparatus, and were removed for clarity. Nevertheless, a number of counts >20-30 is reasonably sufficient to a significant statistical analysis of C-AFM measurements on SAMs. 34 After the UV irradiation (Fig. 5b) , a weak increase of the average current is seen In that case, we observed a non-reversible decrease of the current after this long UV irradiation. A possible explanation would be that long times (6h) irradiation at 365 nm can induce the blocked form of the diarylethene. 35 After a subsequent irradiation of 6h at 470 nm, no change was observed. Moreover, in that case, the switching behavior of the DDA molecules can also be hindered by a persistent photoresistivity (PPR) -Fig S10 in the supporting information, i.e., increase of LSMO resistance (a factor about 15) after a long time UV light irradiation. This effect has also been recently observed in macroscopic (4 probes) measurements of LSMO films on STO, and this effect was ascribed to photoinduced spin disorder in the film. 36 Thus, it is likely that this peculiar "one-shot" conductance 
Conclusion.
In conclusion, we have extended the phosphonic acid route for the grafting on 
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Synthesis of dithienylethene diphosphonic acid (DDA).
Dibromide 1 then diphosphonate 2 precursors were prepared according to the method of Feringa et al. 1 We followed the method of Reisinger et al. 2 to synthesize the dithienylethene diphosphonic acid (DDA). Ellipsometry.
We recorded spectroscopic ellipsometry data in the visible range using an UVISEL (Jobin Yvon Horiba) spectroscopic ellipsometer equipped with DeltaPsi 2 data analysis software. The system acquired a spectrum ranging from 2 to 4.5 eV (corresponding to 300 to 750 nm) with intervals of 0.1 eV (or 15 nm). Data were taken at an angle of incidence of 70°, and the compensator was set at 45°. Data were fitted by a regression analysis to a film-on-substrate model as described by their thickness and their complex refractive indexes. First, a background for the LSMO substrate before monolayer deposition was recorded. Secondly, after the ! 5 monolayer deposition, we used a 2-layer model (substrate/SAM) to fit the measured data and to determine the SAM thickness. We employed the previously measured optical properties of the LSMO substrate (background), and we fixed the refractive index of the organic monolayer at 1.50. The usual values in the literature for the refractive index of organic monolayers are in the range 1.45−1.50. 3 We can notice that a change from 1.50 to 1.55 would result in less than 1 Å error for a thickness less than 30 Å. We estimated the accuracy of the SAM thickness measurements at ± 2 Å.
Contact angle measurements.
We measured the water contact angle with a remote-computer controlled goniometer system (DIGIDROP by GBX, France). We deposited a drop (10-30 µL) of deionized water (18MΩ.cm -1 ) on the surface and the projected image was acquired and stored by the computer. Contact angles were extracted by a contrast contour image analysis software. These angles were determined few seconds after the application of the drop. These measurements were carried out in a clean room (ISO 6) where the relative humidity (50%) and the temperature (22°C) are controlled. The precision with these measurements are ± 2°.
XPS.
XPS was performed with a Physical Electronics 5600 spectrometer fitted in an UHV chamber with a residual pressure of 2×10 -10 Torr. High resolution spectra were recorded with a monochromatic Al Kα X-ray source (hν = 1486.6 eV), a detection angle of 45° as referenced to the sample surface, an analyzer entrance slit width of 400 µm and with an analyzer pass energy of 12 eV. Semi-quantitative analysis was completed after standard background subtraction according to Shirley's method. 4 Peaks were decomposed by using Voigt functions.
AFM and C-AFM.
Atomic force microscopy (topography) and conducting atomic force microscopy In addition, we note that imaging several times the same area of the SAMs (e.g.
as in Figs. 3c, 4c ) showed no significant degradation of the SAMs. We have also Table S1 . !   Table S1 . Deconvolution of the XPS peaks and chemical assignment, peak energy, peak area, atomic sensitivity factor (ASF), ASF corrected contribution of each chemical element, and deduced stoichiometry of LSMO assuming a weight 0.7 for La. Peak assignation from Refs. 7, 8. Table S2 . Variability of the LSMO substrates. Repeatability of the stress effect on the LSMO sample. Due to a low quality of the SAMs for these two samples (ellipsometry thickness ～1nm compared to 1.7-2 nm for samples shown in Fig. 5, main text) , the open/ closed ratio are weak (<5) and we do not try to resolve two conductance peaks.
It is likely that the worse quality for these two samples is related to the fact that Effect of long time UV irradiations. Figure S9 shows the 2D current histograms before and after the 365 nm irradiation (6 h) measured by C-AFM (ambient condition). Before irradiation, we measured a broad current distribution, which can also be decomposed in two peaks: P1 log μ = -11.92 (1.2x10 -12 A) , P2 log μ = -9.59 (2.6x10 -10 A) at -045 V (and almost the same values at 0.45 V). However, after the 365 nm irradiation, we observed a narrow distribution with only the peak P1 (Figs. S9d-f). Note also that only a small number of I-V traces have been recorded (46 compared to 521), which means that large parts of the sample have a current below the sensitivity of our C-AFM (1 pA). This result is surprising since we expect an increase of the molecular conductance when the diarylethenes are in the closed from. [9] [10] [11] [12] Then, we exposed the sample to a 470 nm during 6h (switching DDA-c to DDA-o) and and (h,i) 1D histograms at -0.45 V and +0.45 V. All measurement by C-AFM in air and loading force of 30 nN. The black lines are the fits with a log-normal distribution. The fit parameters, log-mean current (log μ) and log-standard deviation (log σ) are given in the figures. Note that the relatively small number of I-V traces in these histograms (while around thousands were acquired, see details in the supporting information) is due to the fact that a majority of the traces showed currents <2x10 -12 A, close to the sensitivity and noise level of our apparatus, and were removed for clarity. Nevertheless, a number of counts >20-30 is reasonably sufficient to a significant statistical analysis of C-AFM measurements on SAMs. 14 
Effect of long time UV irradiations on a bare LSMO sample.
We irradiated a bare LSMO sample in the same conditions as in Fig. S9 (365 nm,   6h ) and measured the I-V curves (Fig. S10) . We observed a current decrease by a factor 16 from log μ ≈ -8.8 (1.6x10 -9 A) to -10 (10 -10 A). This persistent photoresistivity (PPR) effect in LSMO 15 -increase of LSMO resistance (a factor about 15) after a long time UV light irradiation -can also contribute to the total current decrease observed (Fig. S9 ) for the LSMO/DDA sample. We discard the possibility that a long time UV irradiation had severely degraded (removed) the SAM, because in that case, we would have observed, in the histograms Figs.
S9d-f, a second current peak (with a significant number of counts) centered at around 10 -10 A as shown in Fig. S10d-f for the LSMO substrate alone. Albeit UV light can generate ozone, which is well known and frequently used to remove organic compounds on a surface, we note that we have used an "ozone-free" UV source (centered at 365 nm with a bandwidth of 10 nm, no UV light at 185 nm), which minimize the risk of SAM degradation. 
